This paper presents an analytical and experimental investigation of cure cycle effect on carbon-fiber reinforced high-temperature polymer composite structures molded by vacuum assisted resin transfer molding (VARTM). The molded composite structure consists of AS4-8 harness carbon-fiber fabrics and a high-temperature polymer (Cycom 5250-4-RTM). Thermal and resin cure analysis is performed to model the cure cycle of the VARTM process. The temperature and cure variations with time are determined by solving the three-dimensional transient energy and species equations within the composite part. Several case studies were investigated by the developed analytical model. The same cases were also experimentally investigated to determine the ultimate tensile strength for each case. This study helps in developing a science based technology for the VARTM process for the understanding of the process behavior and the effect of the cure cycle on the properties of the molded high-temperature polymer composites.
Introduction
Nonautoclave molding technology, such as vacuum assisted resin transfer molding (VARTM), offers a more cost effective manufacturing process for composite materials than the resin transfer molding (RTM) and autoclave/prepreg technique. However, its potential for fabricating high-temperature polymer composites needs to be explored. Process variables, including the maximum cure temperature, cure time, and postcure cycles have significant effects on the resulting composite [1] [2] [3] [4] [5] [6] [7] . Golestanian and El-Gizawy [1] presented results on cure-dependent properties of resin transfer molded thin composites with woven fiber mats. In their study, resin properties are assumed to change from viscoelastic liquid to properties of the solid as the part cures. Khattab and El-Gizawy [4] developed an analytical model to determine the cure-dependent mechanical properties as functions of degree of cure for high-temperature polymer composites molded by VARTM. Kim and Daniel [5] conducted an experimental study to investigate the cure cycle effects on residual stress and residual strain on composite material structures fabricated by resin transfer molding process. Three different cure cycles with different peak temperature and different heat rates were used. The study showed that the residual stress developed at high cure temperature was lower than that developed at a lower cure temperature due to the constraint induced strain. The effect of different heat-up rates was not that clear. Liu et al. [6] experimentally investigated the effects of cure cycles on void content and mechanical properties of composite laminates in order to optimize the time for the process applied pressure. Hsiao et al. [7] presented a study of the direct cure kinetics characterization during liquid composite molding. In their study, a genetic algorithm coupled with onedimensional cure simulations was used to determine the cure kinetic parameters.
The present paper introduces an analytical and experimental investigation of cure cycle effect on high-temperature polymer composite structures molded by vacuum assisted resin transfer molding (VARTM). Thermal and resin cure analysis is performed to model the cure cycle of the VARTM process. The temperature and cure variations with time are determined by solving the three-dimensional transient energy and species equations within the composite part.
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Several case studies were investigated by the developed analytical model. The same cases were also experimentally investigated to determine the ultimate tensile strength for each case.
Analytical Investigation
The current analytical investigation aims at modeling the cure cycle of Cycom 5250-4-RTM resin molded by VARTM. Thermal and resin cure analysis is performed to determine the temperature and cure variations with time in the molded composite structure. The three-dimensional transient energy and species equations are coupled and solved simultaneously to determine the degree of cure as a function of the temperature and the time during the cure cycle as follows:
where Ψ/ and / are the material derivatives of the degree of cure and temperature, respectively. is the specific heat, and is the thermal conductivity of the resin.
is the local concentration of the uncured resin, and is the initial concentration of uncured resin at any time. The exothermic chemical reaction releases heat acts as a source term, , in the energy equation, and is given by
where Δ is the heat of reaction and , the reaction rate term, is given by the autocatalytic kinetic model presented by [8] as follows:
where 1 and 2 are the reaction rate constants, 1 and 2 are the Arrhenius constants, is the activation energy, is the universal gas constant, and is the order of the reaction. Lumped properties based on weight average thermophysical properties were used in the energy and species equations. The properties were determined as follows [3] :
where , , and are the densities; , , and are the thermal conductivities; , , and are the specific heats of the composite, the fiber, and the resin, respectively; and are the weight fractions of the fiber fabric and the resin, respectively; and is the fiber volume fraction.
Analytical Modeling
A MATLAB code was written, using the finite difference technique to solve for the thermal and cure histories in the cure cycle [9] . The energy and the species equations, (1) and (2), were solved together simultaneously. Temperature field is determined in the molded part at each time step. Then, the degree of cure is determined by integration of (3) with time. The degree of cure and the source heat were assumed to be zero at time zero. The reaction kinetics, for Cycom 5250-4-RTM resin, was determined by using a differential scanning calorimeter (DSC) [8] . The DSC measured the reaction exthotherm as a function of time as shown in (5) . Table 1 summarizes the parameters of the kinetic model, obtained from [8] .
Case Study
The developed model was used to get complete temperature and cure histories of the molded composites. Several case studies were investigated by the developed model. Table 2 shows the investigated cases. In each case, the mold temperature was raised to 120 ∘ C and kept at this temperature during the resin infusion. Then the mold was heated up to the maximum cure temperature, with a certain heating rate, and kept for four hours as shown in Table 2 . After that, the mold was kept at 227 ∘ C for two hours as a postcure stage. Figure 1 shows complete temperature and cure histories for Case 1, with 194 ∘ C maximum cure temperature, 1.39 ∘ C/min heating rate, and 2 hours postcure time at 227 ∘ C. The figure shows that the rate of degree of cure sharply increases until the degree of cure reaches about 80%. Then the curve is leveled off with a very low rate of increase till the end of the cure cycle. As shown in the figure, at the end of the 4-hour cure stage, the degree of cure is 97.5%, and after 2 hours of postcure the degree of cure reached 98.8%. So, the postcure increased the degree of cure by 1.3%. Figure 2 shows the distribution of degree of cure through the thickness and along the length of the composite panel for Case 1 during curing stage, after one hour from the beginning of the cure cycle. Figure 3 shows the same distribution through the thickness and along the width of the panel. These two sections were taken at the middle of the panel. A section at the middle is a good representative for the panel, based on the observation of several sections taken along the length and the width with almost no difference. The two figures show that the distribution of degree of cure for any layer along the length or the width is almost constant except at the edges. But the main change occurs across the panel thickness, where the degree of cure decreases gradually from the bottom to the top, from 75.7 to 73.5%, within a range of 2.2%. It is believed that using a heat blanket under the mold, as a heat source, is the reason for that difference across the thickness. Figure 4 shows the temperature distribution through the thickness and along the length of the composite panel for Case 1 at the end of the cure cycle. The temperature distribution shows a trend similar to the distribution of degree of cure. At the end of the cure cycle, the degree of cure is almost the same across the part within a range of 0.012% as shown in Figure 5 .
Another case was studied, Case 2, with a low heating rate of 0.56 ∘ C/min, but with the same cure temperature and Figure 6 . Figure 7 shows a comparison between the cure histories for these two cases, 1 and 2. In Case 1, with a higher heating rate, it took the material 66 minutes to reach about 80% degree of cure, while in Case 2, with a lower heating rate, it took about 115 minutes to reach the same degree. However, the cure cycle for Case 1 was completed in 432 minutes with a 98.81% degree of cure, while in Case 2 the cure cycle time and the degree of cure were 510 minutes and 98.89%, respectively. So, the cure cycle for Case 2 was 78 minutes longer than Case 1.
The effect of maximum cure temperature on the trend of degree of cure was studied through the comparison of two cases, 3 and 4, with the same heating rate and postcure time but with different maximum cure temperature. In Case 3 the maximum cure temperature was 183 ∘ C, while it was 205 ∘ C in Case 4. Figure 8 shows a comparison between the cure histories for these two cases. In the first 48 minutes of the cure cycle, the degree of cure for both cases was the same, 62%. Then the case with the higher cure temperature reached a higher degree of cure than the case with the lower one in a shorter time. Both cases reached the same degree of cure at the end of the cure stage and right before the postcure stage.
The presented analytical cases were also investigated experimentally to determine the maximum tensile strength for each case. A two-layer laminate was molded by VARTM process. The materials used are AS4-8H carbon-fiber fabric and a high-temperature polymer called Cycom 5250-4-RTM. Full description of the experimental setup was reported in a previous publication by the authors of [10] . Room temperature tension tests were performed using ASTM D3039 standard test method for tensile properties of polymer matrix composite materials. Specimens, used in the test, were 200 mm long, 25 mm wide, and on average 0.79 mm thick. The machine which was used in the testing is Series 812 Materials Test System from MTS Systems Corporation. Hydraulic grips were used with a gripping pressure of 10 MPa. The tension test was performed using a constant head speed of 1.27 mm/min. A data acquisition system based on LABVEIW software was used to collect the test data. Table 3 shows the effect of process parameters on ultimate tensile strength. Each case was repeated 5 times; as the heating rate reduced from 1.39 ∘ C/min, in Case 1, to 0.56 ∘ C/min, in Case 2, the tensile strength decreased by 3.6%. Increasing the maximum cure temperature resulted in decreasing pronounced as compared with the mechanism of carboncarbon double bonds (C=C) opening. Since curing the resin at a high temperature, for the same time as at a low temperature, increases the possibility of water molecules diffusion out of the polymer, which leads to more defects. While at a low maximum cure temperature, within the range used in the experimental design, the carbon-carbon double bonds (C=C) opening dominates the mechanism of cross linking, which improves the composite mechanical properties. Decreasing the heating rate form Case 1 to Case 2 increases the cure cycle time by an hour which, as well, increases the polymer dehydration, which deteriorates the mechanical properties. So, curing time, which is 4 hours in this study, at a low maximum cure temperature of 183 ∘ C with 1.39 ∘ C/min heating rate is enough to reach the maximum degree of cure based on carbon-carbon double bonds (C=C) opening mechanism, which improves the properties.
Conclusions
This paper presents an analytical and experimental investigation of cure cycle effect on carbon-fiber reinforced polymer composites molded by VARTM. The investigated composite structure was composed of high-temperature polymer (Cycom 5250-4-RTM) and eight harness woven fiber fabrics. The findings of this study show that, within the range used for each parameter in the experimental design, a maximum cure temperature of 183 ∘ C, a postcure time of 2 hours at 227 ∘ C, and a heating rate of 1.67 ∘ C/min helped to produce composite structures with high ultimate tensile strength tested at room temperature. The developed analytical model can determine the degree of cure as functions of time and temperature during the cure cycle, as well as, the distribution of degree of cure and temperatures within the part thickness at any time of the cure cycle. This analytical-experimental investigation provides capability for robust process design and characterization of process induced damage. This study helps in developing a science based technology for the VARTM process for the understanding of the process behavior and the effect of the cure cycle on the properties of the molded composites.
